ABSTRACT Despite numerous studies examining feeding injury to cotton (Gossypium spp.) caused by different stages of Lygus hesperus Knight, no consistent trends are apparent. One explanation for inconsistencies among previous results is failure to account for important sources of biological variation. Because it was only recently recognized that feeding behavior and injury differed among adults of different physiological ages, this source of variance was not controlled in earlier studies of Lygus stage-dependent injury. We incorporated this knowledge into video assays and greenhouse experiments to compare feeding behaviors, within-plant distributions, and injury to cotton plants among L. hesperus nymphs and prereproductive adults. Laboratory behavior assays indicated third instars exhibited more stylet-probes, but of shorter duration, compared with prereproductive adults. Numbers and duration of stylet-probes by Þfth instars were intermediate to those of third instars and adults. Total time spent stylet-probing was similar among the insect age-classes. On whole plants, third instars tended to reside within the bracts of squares (ßower buds) Ͼ3 mm in diameter, whereas Þfth instars and adults tended to frequent the plant terminals. Adults were more likely than third or Þfth instars to be located off the plants at any given observation. Plants exposed to Þfth instars exhibited more square abscission and retained fewer squares 3Ð 6 mm in diameter than did plants exposed to third instars or adults. Our results indicated that Þfth instars were more injurious to cotton than third instars or prereproductive adults, and that differences in feeding injury corresponded with withinplant distributions exhibited by different L. hesperus age-classes. We recently determined that prereproductive L. hesperus adults (Ͻ5 d old at 27ЊC) feed more and inßict more injury to cotton (Gossypium spp.) than reproductive adults (Ͼ6 d old at 27ЊC) Spurgeon 2011, 2012a). Our experimental approach to investigate adult feeding injury differed from that of previous studies on Lygus feeding by Þrst identifying variations among Lygus behaviors (Cooper and Spurgeon 2011), and then assessing how those behavioral differences corresponded with differences in feeding injury (Cooper and Spurgeon 2012a) . This approach allowed us to assess the fundamental mechanisms accounting for differences in feeding injury among L. hesperus adults of different reproductive ages. In light of our recent results, our objective was to compare feeding behavior, within-plant distributions, and feeding injury by third instar, Þfth instar, and prereproductive adult L. hesperus using laboratory-based video behavior assays and controlled greenhouse experiments.
Lygus hesperus Knight (Hemiptera: Miridae) is a key pest of fruit and vegetable crops, forages, and cotton (Gossypium spp.) in the western United States (Wheeler 2001) . Despite being a signiÞcant agricultural pest, many aspects of L. hesperus feeding are poorly understood. On cotton, L. hesperus feed on the ßoral buds (squares) causing them to abscise from the plants. Previous reports of L. hesperus feeding injury rates on cotton indicated highly variable and inconsistent results. Some investigators reported that Lygus adults caused more damage than nymphs (Gutierrez et al. 1977, Zink and Rosenheim 2005) whereas other investigators indicated the opposite (Jubb and Carruth 1971, Bealmear et al. 2007) or indicated that feeding injury did not differ between nymphs and adults (Rosenheim et al. 2006) . Because of these inconsistencies among published studies, it is not possible to elucidate clear patterns corresponding with L. hesperus stage-dependent feeding injury.
We recently determined that prereproductive L. hesperus adults (Ͻ5 d old at 27ЊC) feed more and inßict more injury to cotton (Gossypium spp.) than reproductive adults (Ͼ6 d old at 27ЊC) Spurgeon 2011, 2012a) . Our experimental approach to investigate adult feeding injury differed from that of previous studies on Lygus feeding by Þrst identifying variations among Lygus behaviors (Cooper and Spurgeon 2011) , and then assessing how those behavioral differences corresponded with differences in feeding injury (Cooper and Spurgeon 2012a) . This approach allowed us to assess the fundamental mechanisms accounting for differences in feeding injury among L. hesperus adults of different reproductive ages. In light of our recent results, our objective was to compare feeding behavior, within-plant distributions, and feeding injury by third instar, Þfth instar, and prereproductive adult L. hesperus using laboratory-based video behavior assays and controlled greenhouse experiments.
Materials and Methods
Experimental Insects. L. hesperus were obtained from a laboratory colony maintained on green bean Mention of trade names or commercial products in this article is solely for the purpose of providing speciÞc information and does not imply recommendation or endorsement by the USDA. USDA is an equal opportunity provider and employer. 1 pods (Phaseolus vulgaris L.) and raw sunßower seeds (Helianthus annuus L.). Because L. hesperus reared in laboratory conditions for Ͼ3 generations exhibit traits that are not common among wild populations (Spurgeon 2012), experimental insects were Յ3 generations removed from the Þeld population. Second and fourth instars were placed individually in 18.5-ml plastic vials that were closed with ventilated lids. Sections of green bean pods with the cut ends sealed with parafÞn wax were provided for food. Vials, each containing an individual second or fourth instar, were held in an environmental chamber maintained at 26.7ЊC with a photoperiod of 14:10 (L:D) h and were monitored twice daily for cast exuviae signifying molting. The resulting third and Þfth instars were used in assays Ͻ16 h after molting. Prereproductive adults were obtained directly from the colony Ͻ24 h after all adults had been removed from the rearing containers.
Video Behavior Assays. Feeding behaviors of third instar, Þfth instar, and prereproductive adult L. hesperus were assessed using video-based assays described by Cooper and Spurgeon (2011) . Before each feeding assay, fresh cotton squares (6 Ð7 mm in diameter) were collected from Acala cotton (Phytogen 72, Dow AgroSciences, Indianapolis, IN) grown in a greenhouse (20 Ð30ЊC, photoperiod of 14:10 [L:D] h). Bracteoles were removed from squares to facilitate unimpeded views of insect behavior. Each square was rinsed with deionized water and partially embedded horizontally in parafÞn within a 50-mm-diameter petri dish (Fisher, Pittsburgh, PA). Squares were positioned to expose half of their surface to L. hesperus feeding. Because absence of extra-ßoral nectaries reduces the attractiveness of cotton to Lygus spp. (Meredith et al. 1973) , at least one nectary at the base of each square was left exposed. After the wax was cooled to room temperature, a single L. hesperus was conÞned within the petri dish. Insects were recorded individually for 4 h using two high deÞnition digital cameras (Sony Handycam HDR-CX100, Sony Corporation, Tokyo, Japan) at rates of 30 frames/s (Cooper and Spurgeon 2011) . Unobstructed views of behaviors were facilitated by recording from opposing sides of the square, with each camera elevated Ϸ10 cm above the petri plate and oriented downward at an angle of Ϸ45Њ from horizontal. An overhead 60-watt incandescent lamp and two small 9.5-watt ßuorescent lamps provided light. Cameras, lights, and the experimental arena were cloaked with a white cloth to minimize disturbance to the insects from activities within the laboratory. Gender of each nymph was identiÞed by maintaining assayed nymphs within plastic vials supplied with green bean pods at 26.7ЊC until the adult molt. Recorded videos were viewed using Adobe Premiere Pro CS4 (Adobe Systems, Mountain View, CA). A total of 90 insects were assayed, 15 per combination of insect age class and gender.
Dependent variables for analyses of probing behaviors were 1) average duration of stylet-probing intervals, 2) number of individual stylet-probing events, and 3) the total time spent stylet-probing (Cooper and Spurgeon 2011) . Analyses of probing behaviors were conducted using PROC GLIMMIX (SAS Institute 2008) with age-class, gender, and their interaction as Þxed effects. Corrected denominator degrees of freedom were obtained using the KenwardÐRoger adjustment (DDFM ϭ KR option of the MODEL statement). Differences among means were analyzed using the ADJUST ϭ SIMULATE option of the LSMEANS statement. Each 4-h assay, which consisted of a different insect and a fresh square, was considered an experimental unit. Data were examined for heterogeneity of variance by inspecting residual plots and for non-normality of errors by inspecting normal quantileÐ quantile plots. Based on these plots, untransformed data were analyzed.
Greenhouse Assays. L. hesperus feeding injury was assessed in two separate greenhouse experiments that differed in infestation rates and durations. In each experiment, Acala cotton plants were grown in single rows within 680-L greenhouse planters. A 300-W LED grow light (Sunshine Systems, Wheeling, IL) was suspended Ϸ2 m over each planter and programmed to provide a 14-h photophase. When plants reached the "match-head" square phenological stage (largest squares 3Ð 6 mm diameter), three plants per planter were chosen based on similarity of plant size. Each experimental plant was enclosed within an acrylic cage (36.5 by 36.5 by 62 cm, L by W by H) ventilated by nylon mesh windows. The experimental design was a randomized complete block. Each planter was considered a block and each cage within a block was randomly assigned an insect age-class (third instar, Þfth instar, or prereproductive adult). We did not previously observe signiÞcant differences in feeding injury caused by male and female prereproductive adults (Cooper and Spurgeon 2012a) , and gender of third instars could not be identiÞed at the time of assay. Therefore, the experimental design was simpliÞed by using only female prereproductive adults (Ͻ5 d old at 25ЊC), and insect gender was not an experimental factor.
The Þrst experiment used an infestation rate of one insect per plant, and insects were maintained on plants for six days. To aid observations, each insect was coated with orange ßuorescent powder (Shannon Luminous Materials Inc., Santa Ana, CA) using a Þne-bristle brush. A single insect was released into each cage at 0900 hours PDT, and the location of each insect was determined by visual examination every 24 h after the initial release. Dead insects were replaced with newly emerged insects of the same age-class. Because we did not observe third or Þfth instars molting or adults completing reproductive development within 2 d at temperatures from 10 to 35ЊC Spurgeon 2012b, Spurgeon and Cooper 2012) , all insects were replaced every second day to maintain the assigned insect age-class treatments. Six days after the initial release, insects and cages were removed from the plants. The Þrst experiment was conducted three times (trials) between March and August 2011 (n ϭ 16 blocks, 12 blocks, and 8 blocks, respectively).
The second experiment used an infestation rate of three insects per plant for 48 h. The second experi-ment was designed to minimize experimental variability caused by replacing insects every second day. Insects used in the second experiment were not coated with ßuorescent powder. Cages were examined twice daily for dead insects without disturbing the plants. Dead insects were replaced with newly emerged insects of the same age-class. Because the planters would not accommodate a fourth treatment, caged control plants without insects and similar in size and development to treated plants were monitored in planters separate from the treated plants. Forty-eight hours after the initial release, insects and cages were removed from the plants. The second experiment was conducted twice between October and December 2011 (n ϭ 7 blocks per trial, 9 control plants in the Þrst trial and 14 control plants in the second trial).
In both experiments, each plant was assessed for abscised or blasted (dead but still attached to the plant) squares 7 d after insects were removed. Previous studies indicated that squares Ͼ3 mm in diameter that were fed upon by Lygus might not exhibit external signs of feeding despite containing discolored and shriveled anthers (Cooper and Spurgeon 2011) . Therefore, each square Ͼ3 mm in diameter was removed from the plant and dissected to assess the anthers for L. hesperus feeding injury. In addition, the number of squares of respective diameters of Ͻ3 mm, 3Ð 6 mm, and Ͼ6 mm were recorded for each plant.
The location of each insect at each daily observation in the Þrst experiment was categorized as on or off the plant. L. hesperus injure cotton plants by feeding on squares, blooms, bolls, and axillary buds. Because blooms and bolls were not present on experimental plants, locations of insects that were on plants were further categorized as on plant buds (squares, axillary buds, or terminals) or on other plant structures (stems, petioles, or leaves). Separate analyses of both types of data (on or off plants; on buds or other structures) were conducted using PROC LOGISTIC (SAS Institute 2008) with insect stage as the independent variable. The FIRTH option was included in the model statement to correct for small sample sizes. Wald 95% CIs for odds ratios were used to compare means when a signiÞcant effect for insect stage was observed.
Dependent variables for respective analyses of L. hesperus feeding injury in both experiments were 1) the number of squares Ͼ3 mm in diameter exhibiting injured anthers, and 2) the combined number of abscised and blasted squares. All analyses were conducted using PROC GLIMMIX (SAS Institute 2008) with insect age-class as the Þxed effect and trial and block as random variables. The effects of L. hesperus stage on plant square populations were examined by multivariate analysis of variance (MANOVA) using PROC GLM (SAS version 9.2). The Þxed effect was insect age-class and the dependent variables were respective numbers of squares 1) Ͻ3 mm in diameter, 2) 3Ð 6 mm in diameter, and 3) Ͼ6 mm in diameter. Trial and block were included as covariates. The RoyÕs Greatest Root statistic was used to test the overall signiÞcance of the multivariate model (Scheiner 2001 ). Multivariate analysis was followed by univariate tests for each variable when a signiÞcant multivariate effect was detected, and TukeyÕs honestly signiÞcant difference (HSD) was used to control experiment-wise type-I error in pairwise comparisons of means.
Results
Video-Behavior Assays. Analyses of the stylet-probe duration indicated that prereproductive adults fed in longer bouts than did third or Þfth instars. Gender did not signiÞcantly inßuence stylet-probe duration, and the lack of a signiÞcant gender by insect age-class interaction indicated the effect of age-class on styletprobe duration was similar for both males and females (Table 1) . Analyses indicated the total number of probes was not inßuenced by L. hesperus gender, and there was no signiÞcant gender by age-class interaction (Table 1) . However, third instars stylet-probed more often than did Þfth instars or prereproductive adults (Table 1 ). The total time spent stylet-probing was not signiÞcantly inßuenced by insect gender or insect age-class, and there was no signiÞcant main effect interaction (Table 1) .
Greenhouse Assays, One Insect per Plant. The propensity for L. hesperus to be on plants at the times of observation was signiÞcantly inßuenced by insect ageclass ( 2 ϭ 24.3; df ϭ 2; P Ͻ 0.001). Third instars were more likely to occur on plants than Þfth instars or adults whereas adults were less likely to occur on plants than third or Þfth instars (Fig. 1A) . The propensity for Þfth instars to be on or off plants was intermediate to that of third instars and prereproductive adults (Fig. 1A) . The analysis examining the locations of L. hesperus that were on the plants indicated the probability of occurring on buds or terminals versus other plant structures was also signiÞcantly inßu-enced by insect age-class ( 2 ϭ 16.5; df ϭ 2; P Ͻ 0.001). Patterns of the probabilities of insects occurring on or F ϭ 0.8; df ϭ 1, 84; P ϭ 0.37 F ϭ 0.1; df ϭ 1, 84; P ϭ 0.77 F ϭ 0.3; df ϭ 1, 84; P ϭ 0.59 Age-class F ϭ 4.1; df ϭ 2, 84; P ϭ 0.02 F ϭ 8.7; df ϭ 2, 84; P Ͻ 0.01 F ϭ 2.0; df ϭ 2, 84; P ϭ 0.14 Gender ϫ age-class F ϭ 0.4; df ϭ 2, 84; P ϭ 0.67 F ϭ 0.2; df ϭ 2, 84; P ϭ 0.80 F ϭ 0.9; df ϭ 2, 84; P ϭ 0.39 off buds were identical to those observed for probabilities of occurring on or off plants (Fig. 1B) . Third instars were more likely to occur on squares or terminals than were other insect age-classes whereas adults were more likely to occur on plant structures other than squares (Fig. 1B) . Third instars that were located on squares or terminals were found within the bracts of Ͼ3-mm diameter squares for 57% of observations, which was more often than observed for Þfth instars (20% of observations) or adults (11% of observations). Fifth instars and adults were usually observed outside the bracts of squares or on terminals. Examinations of squares remaining on plants 7 d after insects were removed indicated the number of Ն3-mm diameter squares with internal injury was greater for cotton plants exposed to third instars than for plants exposed to either Þfth instars or prereproductive adults (F ϭ 8.6; df ϭ 2, 73.8; P Ͻ 0.001) ( Fig.  2A) . Patterns of square abscission differed from patterns of square injury. Plants exposed to Þfth instars had a greater number of abscised squares than did plants exposed to either third instars or prereproductive adults (F ϭ 17.6; 2, 81.3; P Ͻ 0.001) (Fig. 2A) .
Multivariate analysis of plant fruiting patterns revealed signiÞcant differences in the age structure of fruit populations among plants exposed to the different age classes of L. hesperus (F ϭ 5.0; df ϭ 3, 65; P ϭ 0.004). Of the fruit size classes that were assessed (squares Ͻ3 mm in diameter, squares 3Ð 6 mm in diameter, and squares Ͼ6 mm in diameter), only the numbers of squares 3Ð 6 mm in diameter indicated a response to L. hesperus infestation (Table 2 ). Plants exposed to Þfth instars had fewer squares 3Ð 6 mm in diameter compared with plants exposed to third instars or prereproductive females, but there were no signiÞcant differences in numbers of squares Ͻ3 mm in diameter or Ͼ6 mm in diameter (Table 2) .
Greenhouse Assays, Three Insects per Plant. None of the 23 control plants had abscission scars indicating missing squares, or squares with injured anthers. There were no signiÞcant differences in numbers of squares with injured anthers on plants exposed to third instars, Þfth instars, or prereproductive females (F ϭ 1.3; df ϭ 2, 36; P ϭ 0.29; Fig. 2B ). However, trends in square loss and in population levels corresponding to different square size classes were nearly identical to those observed in the 6-d experiments using one insect per plant. Plants that were exposed to Þfth instars had a greater number of abscised squares compared with plants exposed to third instars and prereproductive females (F ϭ 7.8; df ϭ 2, 26; P Ͻ 0.01; Fig. 2B ). Multivariate analysis could not be performed because of insufÞcient error degrees of freedom, but univariate analyses of each square size class revealed that plants exposed to Þfth instars had fewer squares 3Ð 6 mm in diameter than plants exposed to third instars or prereproductive females (Table 3 ). There were no signiÞcant differences in numbers of squares Ͻ3 mm in diameter or Ͼ6 mm in diameter among plants exposed to the different insect age classes (Table 3) .
Discussion
Results of our greenhouse assays indicated that Þfth instars of L. hesperus caused more square abscission than third instars or prereproductive adults. This Þnd-ing may be more important than is Þrst apparent because the Þfth stadium is nearly 40% longer than the third stadium (Cooper and Spurgeon 2012b ). Therefore, the total amount of abscission caused by a Þfth instar, compared with earlier instars, would be greater than is indicated by relative stage-dependent abscission rates estimated in this study. Based on numbers of squares remaining on plants at the end of assays, most abscised squares were members of a relatively narrow size class. This pattern was observed in both sets of greenhouse assays regardless of infestation rate, and was consistent with the report by Cooper and Spurgeon (2012a) . The feeding injury that produced square abscission occurred 1Ð2 wk before levels of injury were assessed, so the squares that abscised in response to feeding were smaller than 3 mm in diameter at the time they were fed upon. Size-class compositions of populations of fruit remaining on the plants after assays were consistent with patterns of square abscission. Plants exposed to Þfth instars had fewer squares 3Ð 6 mm in diameter than did plants exposed to either third instars or prereproductive adults.
At the end of the 6-d assays with single insects, plants exposed to third instars had more squares with injured anthers compared with plants exposed to Þfth instars and adults. However, this pattern was not observed on plants exposed to three insects for 48 h. In our 6-d assays, insects were removed from the plants and replaced every 48 h, and replacement insects were released on upper leaves of the plants. Our observations of within-plant distributions of insects indicated that third instars tended to settle and remain within the bracts of larger squares. The replacement of third instars every 2-d may have exacerbated corresponding injury levels because the replacement insects likely settled and fed upon squares that were not previously inhabited by the removed insects. Fifth instars and adults exhibited more trivial movements within the plant than third instars, so replacement of Þfth instars and adults every 48 h probably had minimum effects on observed injury. Regardless, our 2-d assays with three insects per plant indicated a similar pattern in square abscission rates among the different L. hesperus stages; plants exposed to Þfth instars had more abscised squares and fewer 3Ð 6-mm diameter squares than plants exposed to either third instars or adults.
Our previous video-based behavior assays provided information that helped elucidate mechanisms of variations in feeding injury caused by adult L. hesperus of different physiological conditions Spurgeon 2011, 2012a ). However, variations in feeding behavior among nymphs and adults did not correspond with differences in observed feeding injury. Results indicated that third instars exhibited many styletprobes of short duration, adults exhibited fewer styletprobes that were longer in duration, and behaviors of Þfth instars were intermediate to those of third instars and adults. These observed behaviors generally corresponded with the relative sizes of the individuals within each insect age-class. The many short-duration stylet-probes by smaller insects may be related to limitations imposed by shorter stylets and smaller volume of salivary discharge compared with those of larger insects. The extent of feeding injury that is observed is a product of many interacting factors including frequency, duration, and depth of styletprobes, extent of salivation, mixtures of salivary constituents, and susceptibility to injury of the styletprobed plant tissues. Therefore, the relationship between frequency and duration of stylet-probes and inßiction of feeding injury might not be straightforward if other factors inßuencing this relationship are not controlled, including factors related to insect size.
Although observed feeding behaviors did not provide insights into the mechanisms responsible for observed variations in feeding injury, patterns of plant injury were consistent with the within-plant distributions observed for each insect age class. As squares increase in size, they become less susceptible to abscission in response to L. hesperus feeding (Strong 1970) . Fifth instars were often observed feeding on smaller squares within terminals, and feeding injury caused by Þfth instars was reßected by abscission of squares that were Ͻ3 mm in diameter at the time they were injured. Third instars were often observed within the bracts of larger squares, and feeding injury caused by third instars was mostly observed as internal injury to the anthers of larger squares that remained on plants 7 d after insects were removed. Adults inßicted the lowest levels of feeding injury as indicated by either injured anthers or square abscission. The comparatively low levels of injury caused by adults likely resulted from their greater propensity to leave the plant, or to locate on vegetative structures, compared with nymphs. In choice assays, adults of L. hesperus preferred to feed on squares that were preconditioned by stylet-probes and salivary discharge (Cooper and Spurgeon 2013) . This tendency to feed on preconditioned squares may have contributed to the lower levels of damage caused by adults compared with nymphs. Because adults are more mobile than nymphs, they were likely more capable of locating squares that were conditioned by previously released insects in studies with one insect per plant or by other Third instars 12.9 Ϯ 1.12 2.9 Ϯ 0.38b 1.5 Ϯ 0.21 Fifth instars 11.4 Ϯ 1.12 1.3 Ϯ 0.38a 1.5 Ϯ 0.21 Prereproductive adults 11.8 Ϯ 1.12 2.1 Ϯ 0.38b 1.6 Ϯ 0.21 F ϭ 0.5; df ϭ 2, 12; P ϭ 0.62 F ϭ 4.2; df ϭ 2, 12; P ϭ 0.03 F ϭ 0.2; df ϭ 2, 12; P ϭ 0.86 adults inhabiting cages in studies with three insects per plant. We recently determined that prereproductive adults feed more and inßict more damage to cotton plants than reproductive adults Spurgeon 2011, 2012a) . Previous studies that investigated Lygus stage-dependent feeding injury did not control for adult reproductive state, and consequently produced highly variable and conßicting conclusions (Jubb and Carruth 1971 , Gutierrez et al. 1977 , Zink and Rosenheim 2005 , Rosenheim et al. 2006 , Bealmear et al. 2007 ). Our studies differed from previous studies by providing more control over sources of experimental variance such as insect mortality, stage of development, and age. Collectively, results show that reproductively mature adults are the least injurious age class of L. hesperus. Our Þnding that Þfth instars and prereproductive adults cause more square abscission than reproductive adults suggests treatment thresholds that include populations of Lygus nymphs could be more useful than thresholds that only consider adult populations. In addition, previous reports indicated that prereproductive adult Lygus are less likely than are reproductive adults to engage in sustained ßights to colonize new habitat patches Gaylor 1991, 1994; Blackmer et al. 2004 ). These Þndings suggest that prereproductive adults tend to remain on or near the host plants upon which they developed as nymphs. Consideration of Lygus nymph populations is included in treatment thresholds in Arizona cotton (Ellsworth 2001 ) and more recently in California, but not in most other cotton-growing regions. Increased emphasis on treatment thresholds that explicitly consider nymph populations would facilitate management of the resident populations of Lygus that cause more damage than do colonizing populations of reproductive adults.
